ABSTRACT Campylobacter is an important hazard responsible for many human gastroenteritis cases. As poultry meat is the main source of Campylobacter, many approaches to reduce the Campylobacter load in this meat have been published. In the present study minced and whole broiler breast meat samples were inoculated with Campylobacter (C.) jejuni and treated with different concentrations of the food additive ethyl-
INTRODUCTION
The European Food Safety Authority (EFSA) reported a rising occurrence of campylobacteriosis from 2010 to 2016. There was an increase of 6.1% from 2015 to 2016 with 246,307 cases of human campylobacteriosis in the European Union that makes it the most commonly reported zoonosis (EFSA, 2017) . Campylobacteriosis is frequently caused by consumption/ handling of fresh or inadequately cooked broiler meat. A study showed that 36.7% of this meat contained Campylobacter (EFSA, 2017) . There have already been many approaches to reduce the Campylobacter load in poultry meat starting on farm level with competitive exclusion, vaccination, or genetic host selection of the animals caused by alterations of the membranes of the microorganisms. Rodríguez et al. (2004) described that LAE disrupts the cell membrane of the bacteria. Cell integrity is mainly altered in the outer membrane, whereas the cytoplasm is left intact. An induced transmembrane ion flux causes an increase of potassium leakage that results in disturbance of the membrane potential. It has been proved that LAE is effective against a variety of microorganisms such as Salmonella, Listeria monocytogenes, Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli (Becerril et al., 2013; Ma et al., 2013; Sharma et al., 2013; Nair et al., 2014) . Previous studies showed that the effectiveness of LAE could be improved when combining with other inactivation strategies. Oladunjoye et al. (2013) combined 200 to 5,000 ppm LAE with 1% to 2% Carvachol and detected a greater microbial decrease of Salmonella in ground turkey meat when applying both treatments. Furthermore, Yang et al. (2017) found significant lower bacterial counts after combining LAE and the bacteriophage "ListShield." Toxicokinetic data show that LAE is harmless. It is metabolized in the human body to arginine ethyl ester and N α -lauroyl-Larginine and further on to arginine, ethanol, and lauric acid (EFSA, 2007) . The amino acid arginine is either used for synthesis of proteins or metabolized to different substances like creatine or glutamate (Wu and Morris, 1998) , whereas ethanol is degraded via acetaldehyde to acetate that enters the citrate cycle after addition of coenzyme A (Elamin et al., 2013) . Lauric acid is a fatty acid and is therefore either used for synthesis of lipids like triglycerides or phospholipids, or metabolized within the fatty acid metabolism (Voet and Voet, 1990) .
High hydrostatic pressure processing (HPP) is a non-thermal, antimicrobial treatment procedure. Placed in a vessel and surrounded by fluid, food is treated with high pressure of 100 MPa and above (Simonin et al., 2012) . The advantage of this treatment is that the pressure acts homogenously on the products (Koutchma, 2014a) . HPP induces protein unfolding, protein denaturation, and alterations in non-covalent bonds. Small molecules like flavor compounds or vitamins are preserved. Antimicrobial effects are reached by modifications of the transport systems within the bacterial membranes (Ludwig, 2013; Campus, 2010) . Despite these advantages, HPP causes alterations of quality characteristics of the meat (products) such as color changes (Cheftel and Culioli, 1997) . These are caused at pressures at and above 220 MPa (Charlez et al., 1995; Kruk et al., 2011; Bak et al., 2012 ). An improved antimicrobial efficacy against a wide range of bacteria (Salmonella spp., Escherichia coli, and Listeria spp.) could be seen in previous studies when combing HPP with other treatments. The combination of HPP with bacteriocins, lysozymes, or Nisin also showed a synergistic antimicrobial effect (Hugas et al., 2002; Heinz and Buckow, 2010) . The addition of physical treatments like temperatures above 50
• C or below 20
• C to 30
• C or low pH values could enable the HPP to be more effective (Hugas et al., 2002; Heinz and Buckow, 2010) . In the present study, the effects of LAE and low-dosed HPP treatment and their combined effect were analyzed. In order to prevent undesirable physicochemical changes in the meat, pressures no higher than 200 MPa were chosen, although it is well-known that pressures at or above 300 MPa are needed to reduce the microbial load (Campus, 2010) . However, as HPP and LAE both affect the cell membrane of the bacteria (Ludwig, 2013; Rodríguez et al., 2004; Campus, 2010) , the hypothesis was that LAE (partly) damages the bacterial membranes and the subsequent HPP treatment results in final inactivation of the bacteria. The levels of LAE were chosen in accordance with concentrations used in previous studies and investigations performed in our laboratory before the main studies presented in this publication. Nair et al. (2014) and Sharma et al. (2013) applied 0, 200, and 400 ppm of LAE on fresh chicken meat. Oladunjoye et al. (2013) used 200 to 5,000 ppm of LAE on minced turkey meat to reduce the load of Salmonella. The levels of LAE, which were most effective considering previous studies, performed in our laboratory, were 1,000 ppm and 1,500 ppm for the minced meat and 400 ppm and 1,000 ppm for the whole chicken meat samples. Therefore, minced or whole chicken breast muscles were treated with the different concentrations of LAE and varying pressures either individually, or in combination to elucidate, if a combination of LAE and HPP might result in synergistic effects on the microbial contamination accompanied with reduced pressure-related effects on the meat quality by reduction of the pressure. Firstly, the samples were inoculated with Campylobacter jejuni and after completion of the treatment they were stored up to day 14 at 4
• C to elucidate, if the possible treatment effects persist during storage.
MATERIALS AND METHODS

Minimal Inhibitory Concentrations (MIC) and Minimal Bactericidal Concentration (MBC)
For analysis of the minimal inhibitory concentrations (MIC) and minimal bactericidal concentration (MBC) different C. jejuni and C. coli strains were used, as shown in Table 1 .
The isolates were stored in cryotubes at -80 • C until analysis. Before MIC analysis, the isolates were sub-cultured on Campylobacter blood-free selectice agar (Oxoid Deutschland GmbH, Wesel, Germany) at 42
• C for 24 h at 5% to 6% oxygen, 10% carbon dioxide and 84% to 85% nitrogen, harvested and soluted in 4 ml sterile saline solution with peptone (0.85% NaCl, 0.1% peptone). The bacteria suspension was adjusted to 1.0 McFarland using a Densimat (BioMérieux SA France IDN 013615). For detection of the MIC, 10 μl of the bacterial suspension were given into each well of a 96-well plate (Sarstedt AG & Co, Nümbrecht, • C under mikroaerophilic conditions, all wells were inspected for visible bacterial growth. This procedure was repeated after incubation for further 24 h, and the lowest concentration preventing visible bacterial growth was defined as MIC.
Additionally, the total Campylobacter count in the bacteria solution after McFarland determination was examined after performing serial 10-fold dilutions up to 10 6 , and 0.1 ml of each dilution was spread in duplicates on Campylobacter blood-free selective agar (Oxoid) according to ISO 10272-1.
The MBC was found out by spreading 20 μl from all macroscopically negative wells on Campylobacter blood-free selective agar (Oxoid). The plates were again incubated for 24 h at 42
• C, as described above, and inspected for bacterial growth, since the MBC is defined as the lowest concentration of an antimicrobial agent that is able to kill a microorganism (Coronel-León et al., 2016) .
Material
For the minced, as well as whole breast muscle experiments (each in three independent studies), 12 carcasses of a fast-growing broiler genetic (Aviagen Ltd., Midlothian, United Kingdom) with a mean age of 30 d were collected from a commercial slaughterhouse at the day of slaughter after chilling and transported in a refrigerated car to the Institute of Food Quality and Food Safety. Twenty-four hours after slaughter (24 h p.m.) the carcasses were dissected by an experienced person. One breast muscle per broiler was used for the analysis of the meat quality parameters pH, electrical conductivity (EC), color (L * a * b * ), drip loss, cooking loss, shear force, and the microbial parameters total viable counts as well as number of Enterobacteriaceae and C. jejuni. The other breast muscle was used for the LAE/ HPP experiments, as described below.
Treatment of Campylobacter Inoculated (Minced) Broiler Breast Meat
The effects of LAE, HPP, and the combination of LAE and HPP were either investigated with minced broiler breast fillets, or with whole breast muscles.
For the minced meat experiments, the breast muscle was minced, portioned in 25g samples, and transferred to plastic bags (Dagema Export GmbH, Willich, Germany), which had a gas permeability for oxygen of 50 cm 3 /m 3 / d bar, for carbon dioxide of 150 cm 3 /m 3 / d bar, and for water vapor of 2.6 g/m 2 d. A bacterial suspension of C. jejuni ssp. jejuni DSM 4688 (hereafter C. jejuni) was prepared, as described in the MIC/ MBC section, and 1.0 g of the suspension (ca. 10 8 colonyforming units (cfu)/ml) was transferred to the minced meat in the plastic bags. After an adaptation period of 20 min, 1.0 g LAE was given to the bag to reach a final concentration of 1,000 and 1,500 ppm LAE. One gram of glycerin (final concentration: 1,350 ppm) was added to the control samples, since the LAE stock solution contained 10% LAE dissolved in glycerin. After addition of LAE/glycerin the plastic bags with the minced meat, the samples were carefully massaged to guarantee a homogenous distribution of the bacteria suspension. Lastly, the samples were vacuum packed (vacuum machine: Beeketal Lebensmitteltechnik GmbH & Co. KG, Rastdorf, Germany; vacuum bags: Dagema) and incubated with the added substances for 1 h before the HPP treatment followed (100 MPa and 200 MPa), as described below. The negative controls were not HPP treated (ambient pressure: 0.1 MPa).
For the whole breast muscle experiments, the breast muscle was portioned into 25 g samples treated, as described above, with some exceptions. Only 0.1 g of the bacteria suspension (ca. 10 8 cfu/ml), the LAE, and the glycerin were transferred to the meat surface and carefully distributed with an L-shaped spreader (VWR International, Darmstadt, Germany). The final concentrations were 400 ppm, 1,000 ppm for LAE, and 900 ppm for glycerin. After 1 h of exposure to LAE/glycerin, the samples were vacuum packed (Dagema) and high pressure treated, as shown below.
The HPP treatment was performed with an indirect pressure system with water as a transferring medium (Nova Swiss, Isostatic Press, 6500 bar, 2 L, (NOVA SWISS Sarl, Suisse, Filiale de NOVA-WERKE SA, France). The vacuum packaged minced and whole breast meat samples were placed in a chamber filled with Friogel, a pressure transmitting fluid (Friogel Neo, Climalife, Neuss, Germany) that was diluted with distilled water. The pressure chosen was 100 and 200 MPa with a holding time of 5 min. A cooling system enabled a temperature of 5
• C during high-pressure treatment (Julabo F-25, LAT Labor-und Analysen-Technik GmbH, Garbsen, Germany).
The minced and whole breast meat experiments were performed on ice during the whole procedure.
The procedures resulted in the following nine experimental variants:
Minced meat: 
Storage and Sample Collections
The minced and whole meat samples were stored at 4
• C until analysis. On the day of packaging and treatment (day 1) and on days 7 and 14 after treatment, samples were collected for microbiological analysis and determination of pH values and myoglobin redox form percentages (only whole meat experiments). Additionally, lightness (L * ) and yellowness (b * ) values were determined. After sample collections and analyses the samples were discarded from the further study.
Microbiology of Untreated and Treated Breast Meat Samples
The microbiological analysis of the whole meat samples before treatment and of the inoculated minced and whole meat samples after treatment was performed according to ISO 4833-1:2013 (total aerobic mesophilic bacteria counts, TPC), ISO 10272-1 (Campylobacter spp.), and ISO 4832:2006 (Enterobacteriaceae). Each sample was weighed into bags (Stomacher 400 Strainer Bags, Seward limited, Worthing, United Kingdom) and homogenized (Stomacher 400 Circulator, Seward) in a dilution of 1:10 with sterile saline solution with peptone (0.85% NaCl, 0,1% peptone) (VWR International, Darmstadt, Germany) for 2 min at 230 rpm. Serial 10-fold dilutions up to 1:10 4 were performed and 0.1 ml of each dilution was spread in duplicates on specific agars. For analysis of Campylobacter spp., 0.1 ml of the bacteria suspensions were spread on Campylobacter blood-free selective agar (Oxoid) and incubated for 48 h at 42
• C, as described above. For quantification of Enterobactericeae and TPC, the dilutions were spread on Violet Red Bile Glucose Agar (CM 1082, Oxoid) or Plate Count Agar (CM0325, Oxoid) and incubated at 37
• C for 48 h or 30
• C for 72 h, respectively. The detection limits for Enterobacteriaceae and TPC were 10 cfu/g and for C. jejuni 100 cfu/g.
Meat Quality Parameters of Untreated and Treated Breast Meat Samples
The color parameters (CIELab system) L * (lightness), a * (redness), and b * (yellowness) of the whole meat samples before treatment and of the inoculated minced and whole meat samples after treatment were evaluated with a chromameter (2
• standard observer, D65 illuminant, 8 mm aperture; Minolta CR-400, Konica-Minolta GmbH, Langenhagen, Germany). Before usage the colorimeter was calibrated with a standard white plate (Konica Minolta). Color values were measured on the dorsal (bone-side) surface of each muscle. Each value was the mean of five measurements.
The pH values of the whole meat samples before treatment and of the inoculated minced and whole meat samples after treatment were measured with a portable pH meter (Knick Portamess, Knick GmbH, Berlin, Germany) equipped with a glass electrode (InLab 427, Mettler-Toledo, Urdorf, Switzerland). The calibration of the pH meter was done before every experiment using two standard solutions (pH 4 and pH 7, SigmaAldrich Chemie GmbH, Taufkirchen, Germany). After calibration, the electrode of the pH meter and the thermometer were inserted into the center of the muscle or the minced meat. The values were accepted, if the pH value was stable for at least 10 s. Each value was the mean of three measurements.
The EC of the whole meat samples before treatment was measured with a portable instrument (Matthäus GmbH & Co. KG, Noblitz, Germany). The device was calibrated using a calibration block (10 MS/cm) before every measurement. The EC was determined by inserting the device into the center of the muscle perpendicular to the fiber direction. Each value was the mean of three measurements.
To evaluate the drip loss of the whole meat samples before treatment the meat was weighed 24 h p.m., transferred to plastic boxes equipped with a lid and stored at 4
• C. Seventy-two hours p.m., the meat samples were reweighted and the drip loss (in %) was calculated as the relative weight loss of the sample between 24 h and 72 h post mortem.
The cooking loss describes the reduction of weight of the meat samples after cooking. The whole breast muscles before treatment were weighed and vacuum-packed (Dagema eG, Willich, Germany). The meat was cooked in a laboratory water bath (Type 1083, Gesellschaft für Labortechnik mbH, Burgwedel, Germany) with a capacity of approximately 21 l until a central temperature of 75
• C was reached. The samples were cooled down to room temperature (22 ± 3
• C) by laying the packaged samples on a laboratory surface for up to 2 h, unpacked, and reweighed. Cooking loss (in %) was calculated as the relative weight loss of the sample before and after cooking.
The cooked meat samples were also used for analysis of the shear force values using the sliced shear method (Shackelford et al., 1999) . Therefore, the cooked samples were cut parallel to the fiber to a size of 3cm × 1cm × 1cm. Then they were cut into five blocks, placed into a texture testing machine (Texture Analyzer TA. XT.plus, Stable Micro Systems, Survey, United Kingdom), and sheared across the fiber using a flat blade with a thickness of 1.016 mm. Each value was the mean of five measurements.
Myoglobin Redox Form Percentages of Treated Breast Meat Samples
In order to analyze changes of the myoglobin redox form percentages, 6 g of several circular meat pieces were cut from each sample, frozen in liquid nitrogen, and stored at -80
• C. Considering Kernberger-Fischer et al. (2017) , up to 5 g of the frozen samples were homogenized for 2 min at 15,000 U/ min on ice in 10 ml NaHPO 4 (50 mM, pH 7.2) with a Polytron PT 2500 homogenizer (Kinematica GmbH, Luzern, Switzerland). The suspension was centrifuged at 4
• C for 30 min at 35,000 g (Sorvall RC 5 C Plus, Thermo Scientific Langenselbold, Germany). The supernatant was transferred to 2.5 ml cuvettes and subsequently measured photometrically (Evolution 201-UV-VIS-Spectrophotometer, Thermo Scientific) at 525, 503, 557, and 582 nm. The percentages of the myoglobin redox forms oxymyoglobin (OxyMb), metmyoglobin (MetMb), and deoxymyoglobin (DeoxyMb) were calculated using equations explained by Tang (Tang et al., 2004) .
Statistical Analysis
These data were statistically analyzed with SAS Enterprise Guide 7.1 (SAS Institute Inc., North Carolina, (ATCC 29428) . This discrepancy is difficult to explain and might be on the one hand due to methodological differences between the studies, on the other hand due to reducing sensitivity of Campylobacter spp. to LAE within the last years.
RESULTS AND DISCUSSION
MIC and MBC of LAE
Quality of Unpacked Broiler Breast Meat
The different quality parameters of the chicken breast muscles were evaluated 24 h after slaughter. The meat quality values, shown in Table 2 , mainly agree with other publications that investigated whole broiler meat samples (Al-Dughaym and Altabari, 2010; Janisch et al., 2011, Li et al., 2015) confirming that Table 3 . Mean values (±SD) of the amounts of Campylobacter jejuni, after inoculation of minced chicken breast samples with the bacteria, as well lightness (L * ) and yellowness (b * ) values for the effects of LAE (n = 9), HPP (n = 9), and their interaction (LAE * HPP, data not shown, n = 3). The minced meat samples were stored under vacuum at 4
• C up to day 14.
Day 1 Day 7 Day 14
.8 a ± 0.2 59.4 b ± 3.6 5.8 ± 2.1 6.7 a ± 0.3 58.8 ± 2.9 4.7 ± 1.6 6.4 ± 0.4 58.0 ± 2.7 3.6 ± 2.5 1,000 ppm 6.4 a ± 0.3 61.0 a ± 2.9 6.2 ± 1.9 6.4 a,b ± 0.2 59.0 ± 2.8 5.4 ± 1.6 6.0 ± 0.3 58.8 ± 2.6 4.1 ± 2.6 1,500 ppm 5.4 b ± 0.8 61.5 a ± 3.5 6.8 ± 2.3 6.0 b ± 0.3 60.2 ± 3.3 6.0 ± 2.0 6.0 ± 0.4 58.5 ± 3.3 4.6 ± 3.3 LAE 0.1 MPa 3 6.3 ± 0.7 58.6 b ± 1.7 5.0 b ± 1.8 6.4 ± 0.3 59.3 ± 3.8 5.4 ± 1,9 6.1 ± 0.4 58.9 a,b ± 3.3 6.0 a ± 2.5 100 MPa 6.4 ± 0.7 58.6 b ± 1.5 5.9 a,b ± 1.4 6.3 ± 0.4 57.6 ± 1.3 5.0 ± 1,9 6.1 ± 0.4 56. Table 4 . Mean values (±SD) of the amounts of Campylobacter jejuni, after inoculation of chicken breast samples with the bacteria, as well as lightness (L * ) and yellowness (b * ) values for the effects of LAE (n = 9), HPP (n = 9), and their interaction (LAE * HPP, data not shown, n = 3). The breast meat was stored under vacuum at 4
• C up to day 14. representative chicken breast meat was used in the present study. With regard to the microbiological parameters, the present results are quite low in comparison to other publications probably due to the hygienic dissection of the carcasses in the present study (Voidarou et al., 2011; Rouger et al., 2017; Zeiger et al., 2017) . Therefore, the results are not really representative. However, this is less important, as further investigations were performed after specific contamination of the samples. Fortunately, no C. jejuni ssp. jejuni were detected on the meat samples before inoculation and treatment.
Antimicrobial Effects of LAE and HPP and their Combination on Inoculated Minced and Whole Broiler Breast Meat
The antimicrobial effect of LAE, HPP, and their combination against C. jejuni within minced chicken breast fillet are shown in Table 3 and on whole broiler breast meat in Table 4 . The different concentrations of LAE were chosen in accordance with results shown in previous studies (Oladunjoye et al., 2013; Sharma et al., 2013; Nair et al., 2014; Moore et al., 2017) .
Within minced meat, on day 1, the highest antimicrobial effect could be calculated for the 1,500 ppm LAE group. The values differ significantly from the results of both other groups that showed similar Campylobacter counts (P > 0.05). A significant difference between the negative control and 1,500 ppm LAE-treated samples could be also found on day 7 of storage. However, the results of the 1,000 ppm LAE group were comparable with the control as well as 1,500 ppm LAE values (P > 0.05). On day 14 of storage there was no effect of LAE in comparison to the glycerin treated breast meat considering the Campylobacter number. There was no effect of the HPP treatment on the microbial load of Campylobacter within minced meat on all days of storage. Furthermore, the combination of LAE and HPP treatments did not result in a significant alteration of the Campylobacter concentrations (data not shown).
After inoculation of the whole breast meat with C. jejuni there was a significant reduction of the Campylobacter numbers after treatment with 400 ppm LAE or 1,000 ppm LAE on all days of storage. It is interesting to note that both LAE concentrations showed similar results (P > 0.05) on days 1, 7, and 14 of vacuum storage. As detected in the minced meat study, HPP treatment alone, as well as in combination with LAE, resulted in no significant microbial decrease concerning the load of Campylobacter (P > 0.05).
When comparing the antimicrobial effects of LAE reached on minced and on portioned meat, it becomes evident that LAE seems to be more effective on portioned meat than on minced meat. One thousand parts per million of LAE reached a microbial decrease of 0.4 log cfu/g on minced meat when comparing to the negative control, whereas the same concentration used on portioned meat reached a microbial reduction of 1.5 log cfu/g on day 1 of storage. This effect remains constant on day 7 and 14 of storage. Even 1,500 ppm LAE on minced meat, which was the highest concentration chosen, reached the same microbial decrease of 1.4 log cfu/g as 400 ppm of LAE did on portioned meat on day 1 of storage. On portioned meat, the antimicrobial effects remain nearly constant during storage, whereas on minced meat there is a lack of antimicrobial efficacy on day 14 of storage when comparing to the negative control of that day. The composition of the matrix LAE is used on, and seems to have an influence on the efficacy of LAE. This has already been shown in other studies as well. It is well-known that LAE has a higher activity when tested in vitro compared to in vivo experiments (Oladunjoye et al., 2013; Nair et al., 2014) . What is more, Sharma et al. (2013) observed a greater activity of LAE when applied on skinless chicken breast fillet, than on ground chicken. The concentration of fat seems to have an influence on the activity of LAE, as well. The higher the fat content or the contact of LAE to fat, the lower the antimicrobial efficacy of LAE (Soni et al., 2010) . Once meat is minced it comes to surface enlargement, destruction of cell structure, and release of components like proteins or fat. It could be assumed that LAE in minced meat is exposed to more fat and protein components that reduce its antimicrobial activity (Weiss et al., 2015) .
The antimicrobial effect of LAE on meat samples was also shown in other studies. Nair et al. (2014) treated chicken breast samples, inoculated with about 6.0 log cfu/g C. jejuni, with 0, 200, and 400 ppm LAE resulting in a maximum reduction of 1.5 log cfu/g with 400 ppm LAE on day 7 of storage. Similar results were achieved by Sharma et al. (2013) . They treated skinless chicken breast fillets, inoculated with a four-strain cocktail of Salmonella, with 200 and 400 ppm LAE and found a maximum reduction of 1.0 log cfu/g. This reduction remained constant on days 1, 3, 5, and 7 of storage at 4
• C. Moore et al. (2017) treated ground chicken frames with 1,000 ppm LAE and found a maximum reduction of C. jejuni of 1.2 log cfu/g and a decrease of Salmonella Heidelberg of 0.7 log cfu/g 2 h and 24 h after treatment. LAE has also been used in combination with other antimicrobial substances in which synergistic effects had been detected. Oladunjoye et al. (2013) showed a microbial reduction of Salmonella on ground turkey after treatment with 200 to 5,000 ppm LAE combined with 1% or 2% carvachol. Yang et al. (2017) treated fresh chicken breast tissue inoculated with Listeria monocytogenes with a commercial bacteriophage preparation (ListShield) alone and in combination with 100, 200, and 400 ppm of LAE. They found a significantly higher microbial decrease when combining both treatments. Furthermore, Suksathit and Tangwatcharin (2013) detected an antimicrobial decrease in vitro of LAE in combination with sodium citrate, sodium lactate, and sodium diacetate against Salmonella Rissen and Listeria monocytogenes. Even the combination of LAE and the essential oil from cinnamon leaf oil or eugenol showed synergistic antimicrobial activity in vitro (Ma et al., 2013) .
The reason for the lacking effect of HPP might be due to the low pressure used. However, it has to be considered that in the present study a low pressure was chosen to reduce negative effects of the pressure on other quality traits. There are well-known deviations in color of meat treated at above 150 MPa, caused by protein denaturation and unfolding (Carlez et al., 1995; Bak et al., 2012) . Campus (2010) showed that at a pressure of 220 MPa is necessary to induce an irreversible destruction of the bacterial cell membrane due to protein denaturation and protein unfolding. Below that pressure alterations are reversible. Additionally, gram-negative bacteria, such as Campylobacter, are more resistant than gram-positive bacteria. This is caused by the additional outer lipid membrane (Ludwig, 2013) . In other studies it was shown that 400 to 450 MPa are needed to decrease the microbial load of Pseudomonas sp. in fresh minced meat (Carlez et al., 1995) , as well as Listeria innocua in chicken breast (Escriu and Mor-Mur, 2009 ). Simpson and Gilmour (2003) showed that pressure in a range of 300, 350, 375, 400, and 450 MPa resulted in the microbial reduction of three strains of Listeria monocytogenes. The higher the pressure, the greater the microbial decrease. Pork slurries, inoculated with about 6.0 log cfu/g gram-negative microorganisms like C. jejuni, Pseudomonas aeruginosa, Salmonella Typhimurium, or Yersinia enterocolitica, showed a reduction of the microbial load at pressures above 300 MPa (Shigehisa et al., 1991) .
The combined LAE and HPP treatment in this study was not able to contribute to the microbial reduction, mainly due to the missing effect of the HPP treatment. Therefore, it can be said that there is no synergistic effect of LAE and HPP in this study. Since there have not been any previous studies on the synergistic effect of LAE and HPP, a comparison with other results presented in the literature is not possible. However, considering the acceptability of the meat for the consumers, which cannot be guaranteed, if fresh meat is treated above 200 MPa, higher and more effective pressures cannot be applied.
Effects of LAE and HPP and their Combination on the Color of Minced and Whole Broiler Breast Meat
Color changes were observed on days 1 and 14 of storage concerning the minced meat (Table 3 ) and on days 1 and 7 considering the whole breast meat samples (Table 4) The increase in lightness, presented in this paper, is also described as "whitening effect" in the literature (Cheftel and Culioli, 1997) , which is detectable at 200 to 350 MPa due to denaturation of globin and heme. In addition to that an oxidation of ferrous myoglobin (Deoxy-/ OxyMb) to ferric myoglobin (MetMb) occurs after high-pressure treatment. This effect increases up to a pressure of 400 MPa and remains constant at a pressure level of 400 to 800 MPa (Bak et al., 2012) .
The increase in yellowness by HPP treatment, as seen in this study, is controversially discussed in the literature. Carlez et al. (1995) and Bak et al. (2012) detected no changes in b * values during high-pressure treatment. On the other hand deviations in yellowness were shown in studies performed by Kruk et al. (2011) . He describes an increase of b * value when treating chicken breast fillet samples with 300, 450, and 600 MPa. These contrary results of a constant or changing b * value may be explained by a "reversible denaturation" of myoglobin (Zipp and Kauzmann, 1973; Cheah and Ledward, 1996) . Koutchma (2014b) also describes that denaturation of proteins is reversible, after treatment with 100 to 200 MPa. As the deviation concerning the b * value cannot constantly be seen during all days of storage in this study, it might be explained by these reversible denaturation processes.
In the study with minced meat there was an alteration concerning lightness caused by LAE on day 1 of storage. As in previous studies, no significant effects of LAE on color values were presented Moore et al., 2017) , and therefore, until now no explanations have been published, we assume that the significant L * increase in color was due to variation of the raw material color before mincing. Another reason of the color variation might be the slight foaming of LAE during massaging of the minced meat.
In this study, there was no significant change concerning the a * value at any day of storage. Neither the minced meat nor the portioned samples treated with LAE, HPP or LAE, and HPP showed detectable alterations in redness. The alterations of the a * value are discussed controversially in the literature. According to Jung et al. (2003) there is a significant increase in redness when the meat is treated below 300 MPa. Due to the activation of enzymatic systems that is responsible for metmyoglobin reduction, an increase in a * value can be seen at pressures in the range of 50 to 300 MPa. As soon as pressures above 350 MPa are applied, it comes to a decrease in redness that is caused by an oxidation of ferrous myoglobin to ferric metmyoglobin (Carlez et al., 1995; Marcos et al., 2010) . Ros-Polski et al. (2015) detected no changes concerning the a * value when treating chicken meat with 0 to 300 MPa. The effect of high-pressure processing might depend on the original color of the meat itself. Carlez et al. (1995) , as well as Jung et al. (2003) used beef and Marcos et al. (2010) chose porcine M. longissimus dorsi. Since the meat of these animal species is a lot darker than chicken meat, the changes concerning the redness of the meat due to HPP treatment might depend on this fact. Table 5 . Mean values (±SD) of the Oxy-myoglobin (Oxy-Mb) and Met-myoglobin (Met-Mb) percentages of chicken breast meat for the effects of LAE (n = 9), HPP (n = 9), and their interaction (LAE * HPP, data not shown, n = 3). The breast meat was stored under vacuum at 4
• C up to day 14. 
Effects of LAE and HPP and their Combination on pH-Values of Whole Broiler Breast Meat
The pH value gives important information about the quality of the meat. Therefore, the effect of all treatment combinations on the pH values of the meat samples was studied on day 1, 7, and 14 of storage. In this study, no significant effect (P > 0.05) on the pH values on all days of storage could be found (data not shown). This result agrees with previous studies on the influence of LAE on pH values (EFSA, 2007; Sharma et al., 2013) . Other studies described an increase of the pH values after HPP treatment at and above 275 MPa (MacFarlane et al., 1982; Cheah and Ledward, 1996; Ramirez-Suarez and Morrissey, 2006) . This increase is caused by denaturation and unfolding processes of proteins, exposition of certain basic amino acids, ionization of these amino acids. Below the pressure of 275 MPa there is no increase in pH values (Cheah and Ledward, 1996; Ramirez-Suarez and Morrissey, 2006) .Therefore, it could be suggested that in the present study the pressure levels chosen were too low to induce the denaturation and unfolding process (Boonyaratanakornkit et al., 2002) . Ros-Polski et al. (2015) found no significant changes concerning the pH value after treating chicken meat with 0 to 300 MPa as well.
Effects of LAE and HPP and their Combination on Myoglobin Redox-Forms of Whole Broiler Breast Meat
Myoglobin redox form percentages were evaluated within the whole breast meat samples since these parameters influence the color of the meat (Bekhit et al., 2007) . Minced meat was not analyzed because the mincing might have unintentionally altered the Mb redox form percentages. On days 7 and 14 of storage, there were significant (P ≤ 0.05) effects of HPP. Neither LAE nor the combination of LAE and HPP had an influence (P > 0.05) on the Mb parameters on any day of storage (Table 5) .
On day 7, untreated whole breast (0.1 MPa) showed higher (P ≤ 0.05) OxyMb and significantly (P ≤ 0.05) lower MetMb percentages in comparison to the samples, treated with 100 MPa. Those treated with 200 MPa showed no significant difference in OxyMb and MetMb results (P > 0.05) compared to the other treatment groups (0.1 MPa and 100 MPa). During further storage up to day 14, the Mb results changed again with significantly higher (P ≤ 0.05) OxyMb and lower (P ≤ 0.05) MetMb values of the meat samples, treated with 200 MPa. The Mb results of the untreated and 100 MPa samples did not differ significantly (P > 0.05).
The HPP-related changes in the present study give the impression that HPP prevents the generation of OxyMb. However, as this effect was only found on day 7 and as the myoglobin results are not clearly related to the color results, an explanation is quite difficult. It was described that HPP has an influence on the rate and conversion of myoglobin at a treatment above 300 to 400 MPa. An irreversible denaturation takes place at 400 MPa (Cheah and Ledward, 1996) . Carlez et al. (1995) described a decrease of the total extractible myoglobin in the range of 250 to 500 MPa. At 400 to 500 MPa, the content of Met-Mb increased and Oxy-Mb decreased. There is no modification of the content of myoglobin and Met-Mb below 225 MPa. Therefore, the significant changes of the myoglobin redox forms on days 7 and 14 in the present study should not be overestimated. Further investigations are necessary.
In conclusion, as it might have been an interesting approach to combine the two well-known preservation methods LAE and HPP to find synergistic effects, we analyzed the methods in the present study. However, the results show that a combination of HPP and LAE is not applicable for the food industry, as an elongation of the shelf life could not be achieved and as the color changes, due to the HPP treatment, might reduce the acceptability of the minced and whole meat by the consumer. Even though the combination of LAE and HPP was not effective on fresh meat, it might be useful to analyze the combination of HPP and LAE, for example, using raw fermented or cooked sausages, as by the addition of nitrite in these products color is more stable and might be less influenced by higher pressure values.
